Size effects on formation energies and electronic structures of oxygen and zinc vacancies in ZnO nanowires: A first-principles study J. Appl. Phys. 109, 044306 (2011) In this paper, all electron full-potential linearized augmented plane wave plus local orbitals method has been used to investigate the structural and electronic properties of polar (0001) and non-polar (10 10) surfaces of ZnO in terms of the defect formation energy (DFE), charge density, and electronic band structure with the supercell-slab (SS) models. Our calculations support the sizedependent structural phase transformation of wurzite lattice to graphite-like structure which is a result of the termination of hexagonal ZnO at the (0001) basal plane, when the stacking of ZnO primitive cell along the hexagonal principle c-axis is less than 16 atomic layers of Zn and O atoms. This structural phase transformation has been studied in terms of Coulomb energy, nature of the bond, energy due to macroscopic electric field in the [0001] direction, and the surface to volume ratio for the smaller SS. We show that the size-dependent phase transformation is completely absent for surfaces with a non-basal plane termination, and the resulting structure is less stable. Similarly, elimination of this size-dependent graphite-like structural phase transformation also occurs on the creation of O-vacancy which is investigated in terms of Coulomb attraction at the surface. Furthermore, the DFE at the (10 10)/( 1010) and (0001)/(000 1) surfaces is correlated with the slab-like structures elongation in the hexagonal a-and c-axis. Electronic structure of the neutral O-vacancy at the (0001)/(000 1) surfaces has been calculated and the effect of charge transfer between the two sides of the polar surfaces (0001)/(000 1) on the mixing of conduction band through the 4s orbitals of the surface Zn atoms is elaborated. An insulating band structure profile for the non-polar (10 10)/( 1010) surfaces and for the smaller polar (0001)/(000 1) SS without O-vacancy is also discussed. The results in this paper will be useful for the tuning of the structural and electronic properties of the (0001) 
I. INTRODUCTION
Zinc oxide (ZnO) is crystallographically a wurtzite structure with the Zn and O ionic planes stacked alternatively along the principal axis (c Hex ) of hexagonal symmetry. As it is a wide band gap ($3.37 eV) semiconducting oxide having a large exciton binding energy of 60 meV at room temperature which is chemically stable, biocompatible, with high thermal stability, and environmentally friendly, hence ZnO has been frequently utilized in thin films and in lowdimensional nanostructures. 1, 2 The assemble of functional nanostructures by various techniques, [2] [3] [4] in particular, the use of ZnO as a fundamental nanoscale building block has led to the increase in the packing density of the thin films and nanostructures for potential applications in nanosensors, 5 ultra-violet lasers, 6 and solar cells. 7 In the process of implementing ZnO for device integration in these applications, ZnO has been grown in many different configurations such as nanowires, nanodots, and nanosheets (ultra thin films). 8 Growth of the ZnO nanosheets along the [0001] direction 9, 10 or where the nanosheets are enclosed entirely by the (0001) facets 11 have been achieved by a number of different techniques such as the pulsed laser deposition method 10 or by a thermal decomposition and reduction process of the initial ZnS powder followed by a simple oxidation process. 11 It is also well known that the ZnO polar surfaces (0001)/(000 1) formed by repeating the wurtzite primitive unit cell along the c-axis leads to a macroscopic electric field perpendicular to the (0001) surface due to the non-zero dipole moment, thus, resulting in electrostatic instability. 12 In spite of this, the low Miller indexed surfaces (10 10) and (0001) of ZnO are especially important as they usually appear as the dominate surfaces in the synthesized two-dimensional (2D) nanosheets and one-dimensional (1D) nanostructures. 13 For example, the growth of highly crystalline ZnO nanorods with the microwave assisted hydrothermal method result in a predominately hexagonal phase along the (10 10) plane. 14 In addition, synthesis of uniform hexagonal prismatic ZnO whiskers, highly crystalline hexagonal ZnO quantum dots or particles, as well as some of the sides of the hexagonal columns of the ZnO powder particles are also primarily made up of these (10 10) facets and surfaces. [15] [16] [17] Conversely, according to the models of the idealized growth mechanism of the ZnO prismatic crystals, the outlook of the crystallite is related to the relative growth rate of the different crystal facets where the growth rate along the [0001] direction is almost twice as compared to the other directions. 15 In a recent experimental work, we had also shown that the predominate growth direction of ZnO nanowires is along the [0001] direction 18 which agrees with other studies reported in the literature and is shown to be energetically favourable. In addition, some of the synthesized ZnO nanosheets are observed to be enclosed entirely by the (0001) facets. 10 Consequently, there are some stabilization mechanisms of the oxide polar surfaces such as the creation of surface states by the intrinsic charge transfer of negative charges from the O-terminated to the Zn-terminate surface, adsorption of the charged species (e.g., H þ ) as well as the modification of the surface stoichiometry from the creation of vacancies (e.g., O-vacancies). [19] [20] [21] The feasibility of single-walled ZnO nanotubes had been demonstrated with the deposition of ultra-thin ZnO (0001) films on Ag (111) where the Zn and O atoms are arranged in planar sheets. 22 Importantly, the demonstration that ZnO can be grown in a sheet-like form having either (10 10) or (0001) termination or are entirely enclosed by the (0001) surfaces 10 makes it worth investigating for spintronics, electronics, and other important technological applications. 23, 24 This is also due to the well defined geometry of the 2D ZnO nanosheets and their ease of assembly which render them as useful materials for the synthesis of nanodevices. These ultra-thin ZnO nanosheets have a large surface to volume ratio, therefore, the electrical, optical, and magnetic properties as well as their performance in device applications are intimately related and are strongly affected by the presence of surface defects such as oxygen vacancies. 25 Hence it is important to investigate the formation energy of the oxygen vacancies in the ZnO (10 10) and (0001) surfaces with different sizes.
Due to the nanometer size of the ZnO nanosheets, there are many difficulties related with present experimental techniques to elucidate physical properties associated with the causes and effects of the surface defects. Moreover, the functionalization of ZnO nanosheets requires a thorough understanding of the electronic structure of the ZnO surfaces. In this paper, theoretical investigations involving the first-principles full-potential linearized augmented plane wave plus local orbitals (FP-LAPW þ lo) method have been carried out for a deeper understanding of the size-dependent structural and electronic properties of the (10 10) and (0001) ZnO surfaces with and without the surface O-vacancy. Comparison of our results with earlier theoretical studies carried out using different ab-initio methods and various structural models provide unambiguous evidence of the suitability of computationally accurate FP-LAPW þ lo and the supercell-slab (SS) models. Therefore, we hope to provide a further insight into the size-dependent structural and electronic properties of the (10 10) and (0001) ZnO surfaces pertaining to the physical mechanisms behind the geometrical distortions and structural phase transformation of, especially, the (0001) SS. In addition, our results provide useful and better understanding in tailoring the structural and electronic properties of ZnO surfaces or nanosheets by controlling their size for important device application.
II. CALCULATIONAL DETAILS AND STRUCTURAL MODELS
The properties of all the ZnO SSs in an artificial symmetry have been calculated using the density functional theory (DFT) based WIEN2K computer program. 26 The exchangecorrelation potential has been treated by utilizing the PBEsol generalized gradient approximation (GGA) parametrization scheme as this functional is known to provide good results for solids and their surfaces as compared to hybrid DFT functional which are 2 to 3 orders more expansive computationally. 27 The SSs for imitating (0001)/(000 1) polar surface have been constructed by stacking ZnO primitive unit cells and a vacuum region of several Å along the c-axis of hexagonal lattice. In this case we represent different lengths of SS as 1 Â 1 Â 2, 1 Â 1 Â 3, 1 Â 1 Â 4, and 1 Â 1 Â 5 (1Â 1 Â N) which contain 8, 12, 16, and 20 atoms, respectively. In order to verify stability of a 1 Â 1 surface unit cell of the (0001) and (000 1) surfaces that represents correct cleavage of a hexagonal lattice at the basal plane, we consider two possible SS which are labeled as type-A and type-B, respectively, and both SS belong to trigonal space group # 156 (P3m1). In case of type-A SSs, the bulk unit cell of wurtzite ZnO was stacked along the c-axis followed by a vacuum region of about 10 Å that resulted in the 1 Â 1 Â 3 type-A SS shown in Fig. 1(a) . A simple stacking of the bulk unit cell along the c-axis results in the (0001) surface being terminated with an O atom, while the (000 1) surface is terminated by a Zn atom which is contradictory to the required termination of the wurtzite structure at the basal plane. 19, 20 The type-B 1 Â 1 Â 2 SS shown in Fig. 1 (b) can be obtained by constructing a 1 Â 1 Â 3 type-A SS and then clipping off Zn and O atoms at both ends of the slab to obtain a 1 Â 1 Â 2 type-B SS with the Zn (O) atom layer terminating at the basal plane along [0001] ([000 1]) directions. Similar procedure was adopted for obtaining the type-B 1 Â 1 Â 3, 1 Â 1 Â 4, and 1 Â 1 Â 5 SSs. In Fig. 1(c) , the 1Â 1 surface unit cell of ZnO (0001) surface is shown ). The non-polar (10 10)/( 1010) surface terminations have been modeled by stacking six, eight, and ten primitive unit cells of wurtzite ZnO along the a-axis of hexagonal lattice followed by a vacuum region of several Å to decouple the interactions between SSs. We represent these SSs as In the FP-LAPW þ lo method implemented in this work, the core states have been treated fully relativistically relaxed in the spherical approximation, while the valence states have been treated scalar-relativistically. For all the SS calculations, the parameter R O x K max ¼ 7.0 for the plane wave basis set expansion was applied, where R O ¼ 0.79 Å is muffin-tin radius of O atom and K max is the maximal reciprocal lattice vector. For the first Brillouin zone integration, a (9 Â 5 Â 1) Monkhorst-Pack 28 k-point mesh has been used for the N Â 1 Â 1 SSs in the P1 structure, while a (14 Â 14 Â 1) k-point mesh has been used for 1 Â 1 Â N SSs in the P3m1 structure. Subsequently, the k-point mesh was increased to 10 Â 6 Â 1 and 17 Â 17 Â 1 for the N Â 1 Â 1 and 1 Â 1 Â N SS, respectively, as a test of the convergence where same results were obtained. Both K max and the number of k-points were found to be sufficient to achieve a self-consistent minimum total energy below 0.1 mRy, and hence, our calculations are credible.
III. RESULTS AND DISCUSSIONS
A. Perfect polar (0001)/(000 1) surfaces
In both the type-A and type-B 1 Â 1 Â N SS, the Zn and O atoms were initially located at their bulk positions which were then fully relaxed by minimizing the atom forces to 1 mRy/a.u. The type-A and type-B 1 Â 1 Â N SS shown in Fig.  3 deform along the c-axis after optimization of internal geometry. The structural data of the four type-A and type-B SS are tabulated in Table I where it can be clearly seen that the % volume collapse (
x100, where L is the length of the SS along c-axis, DL is the length contraction, and D is the width which is same for all 1 Â 1 Â N SSs since the slabs are infinite along a-and b-axis), in type-A SS do not follow a trend on going from smaller structure to the larger ones which provide a first evidence regarding the non-suitability of type-A SS for the (0001) surfaces. On the other hand, for the type-B SS the contraction in length is maximum (14.48%) in the case of 1 Â 1 Â 2 SS and reduces with the increasing length of the structure which should be expected as increase in the length of SS along the c-axis results in a bulk like environment. The volume collapses in the 1 Â 1 Â N SS are a direct consequence of the vacuum region between successive slabs that vanishes the outwards electric attraction for the surface atoms. We stress here again that for the perfect type-A and type-B structures we have not used any non-stoichiometric SSs which may result in a false stabilizing mechanism. For a complete graphical representation of the deformation along the c-axis corresponding to the type B 1 Â 1 Â N SS before and after minimization, please refer to Figs. S1 and S2 in the supplementary information. 44 In order to provide a further insight into the stability of different lengths of the SS, the heat of formation (H f ) values have been computed using 29
In Eq. (1), E p t is the minimum total energies of the perfect (stoichiometric) ZnO SS, EðZn bulk Þ is the energy of hexagonal Zn and EðOÞ ¼ EðO 2 Þ=2, where the energy of gas-phase O 2 has been computed by placing two O atoms at a distance of 1.21 Å in artificial periodic conditions in a cubic box of side 10 Å and n is the number of formula units in a 1 Â 1 Â N SS. Our calculated value of H f for bulk ZnO obtained using the PBEsol 27 functional is À3.14 eV which is in good agreement with theoretical as well as experimental values. 29 This benchmark test of the PBEsol functional for the bulk ZnO verifies the suitability of this functional for the subsequent calculation performed for any of the 1 Â 1 Â N and N Â 1 Â 1 SS in this work. The heat of formation values tabulated in Table I further strengthen the suitability of type-B SS for imitating the polar (0001) surface of ZnO.
The three interlayer spacing at the (0001) 19, 30, 31 For the case of type-A SS, d 1 and d 3 increase with the increasing length of the structure approaching the bulk value of 1.99 Å , whereas the d 2 decrease to equal the bulk value of 0.62 Å which provides further evidence that the type-A SS do not imitate a polar surface and mimic only the local environment of wurtzite ZnO. 32 In contrast, the small negative d 1 values for type-B 1 Â 1 Â 2 and 1 Â 1 Â 3 SS imply a surprising slight crossover between surface layers at the Zn-terminated (0001) (Table I) , a larger stacking of the 1 Â 1 Â 3 SS have significant effects related to the non-linear behavior of defect formation energy (DFE) in Table II and the band structure profiles after the creation of O-vacancy at the Znterminated (0001) surface which are discussed in Sec. III B.
Unlike the type-A SS, the most striking feature of the type-B SS is the difference in the structural deformation when the atomic layers of Zn and O atoms is less than 16. In the case of type-B 1 Â 1 Â 2 and 1 Â 1 Â 3 SS, the structures flatten after geometry optimization (Fig. 3) resulting in a graphite-like ZnO. As mentioned previously, the volume collapse in type-B 1 Â 1 Â N SS decreases as the stacking of bulk ZnO unit cell along the c-axis is increased from 2 to 5 (Table I) 
of the four bonds due to the surface termination as compared to bulk ZnO, a larger surface to volume ratio for these SS ensures that they are unable to compensate for these broken surface bonds which together with the stronger Coulomb's attraction from the interior atomic layers then trigger a collapse of surface atomic layers towards the interior of SS resulting in flattening of the atomic layers. Since this could have been a consequence of insufficient vacuum region between the SS, we verified our results by varying the vacuum region from 7 to 13 Å for both type-A and type-B SS and found the same volume collapse for all the 1 Â 1 Â N SSs.
In case of type-B 1 Â 1 Â 4 and 1 Â 1 Â 5 SS, a smaller surface to volume ratio for these structures does compensate for the broken surface bonds, and thus, is able to retain the wurtzite structure for these SS. These results are consistent with earlier theoretical reports on AlN, GaN, and ZnO, 31, 33 however, unlike Ref. 31 our results clearly show that the transformation from wurtzite to graphite-like ZnO structure occurs for <16 atomic layers (corresponding to the type-B 1 Â 1 Â 4 SS). Importantly, recently reported nonpolar stabilization of the ZnO (0001) surfaces in an experimental study . 34 In this paper, the formation energy of neutral O-vacancy have only been considered as some studies suggest that V o is the major component in the defect structure of ZnO and V o is more stable as compared to V o þ . 35, 36 The DFE have been estimated using
where E 
l oÀrich ¼ EðOÞ:
In Table II , we present the DFE of the shallow V o at the (0001) surface for the type-B 1 Â 1 Â N SS for both the O-poor and O-rich conditions. Contrary to the systematic increase of H f in Table I , the DFE first increases on going from 1 Â 1 Â 2 to 1 Â 1 Â 3 SS and then decreases up to 1 Â 1 Â 5 SS. This trend in the DFE is similar to the variation of d 3 for the type-B 1 Â 1 Â N SSs reported in Table I and provides a hint on the relationship of DFE with the Zn-O bond lengths and the bonding nature at the (0001) surfaces. Therefore, we predict here that the competition between the bond energy, the Coulomb energy, and the energy originating from the macroscopic electric field of the dipole surface must be responsible for the non-linear variation in the DFE for O-vacancy at the Zn-terminated (0001) surface. On the other hand, the smaller values of DFE for the O-terminated (000 1) surface indicates that an O-vacancy can be easily produced as compared to the (0001) surface. From Table I , it can be easily observed that the surface Zn-O bond lengths for type-B 1 Â 1 Â N SS increases on going from 1 Â 1 Â 3 to 1 Â 1 Â 5 SS which is an indication of stronger bond energy for the 1 Â 1 Â 5 SS and decrease in the Coulomb's energy. This bonding nature is supported by charge density plots in the (11 20) and (0001) planes as shown in Figs. 4 and 5 , respectively. For the charge density plots in the (000 1) plane, please refer to Fig. S3 in the supplementary information/material. 44 From the above figures, the transformation of the smaller 1 Â 1 Â 2 and 1 Â 1 Â 3 SS to graphite-like structure is also visible. In the case of 1 Â 1 Â 2 and 1 Â 1 Â 3 SS, after relaxation, the bond lengths of the surface Zn and O atoms are 1.882 Å which signify a stronger Coulomb's energy over the 1 Â 1 Â 4 and 1 Â 1 Â 5 SS. Importantly, the creation of surface O-vacancy as depicted in Fig. 1 results in the removal of the stronger Coulomb's attraction at the terminated surface and thus eliminates the graphite-like structure for the defective SS. However, the effect of the removal of the O atom at the (0001) surface for these SS is different. This difference in the charge density distribution at the surface of defective type-B 1 Â 1 Â 2 SS gives it a band structure profile entirely different from the rest of the type-B SSs which are presented later in Fig. 6 . Finally, the smaller Coulomb energy results in smaller values of the defect formation energy for the larger structures. It should also be mentioned that due to the phase transformation of the 1 Â 1 Â 2 and 1 Â 1 Â 3 SS to graphite-like, the trend for the DFE at the Zn and O-terminated surface could be different from the 1 Â 1 Â 4 and 1 Â 1 Â 5 SS. The values computed for these two surfaces in the case of 1 Â 1 Â 2 SS are the same, while for 1 Â 1 Â 3 SS, the DFE value on both surfaces are different which is indicative of the fact that upon creation of vacancy the 1 Â 1 Â 3 SS starts to retain its wurtzite phase.
In bulk wurtzite ZnO, large charge transfer from Zn to O atom is expected due to the large electronegativity differences of 1.79 on the Pauling scale between the Zn and O atom, 37 which results in the bulk ZnO having ionic and covalent bond simultaneously with about 55% ionic character. In the middle of the charge density plots for the larger type-B SSs as shown in Fig. 4 , a mixed ionic and covalent character is seen which is maintained at the surface region also. At the Zn-terminated and O-terminated surfaces, charge accumulation and charge depletion, respectively, is also clearly seen which is consistent with other studies 38 for the (0001) and (000 1) surfaces. Fig. 5 shows the charge density plots for the type-B SS without and with the removal of an O atom below the Zn-terminated (0001) surface. Comparison of the two panels shows that the charge accumulation is larger for the case of vacancy SS. This should be expected as the Zn-Zn bond is created at the surface and the charges become highly delocalized which is characteristic of shallow O-vacancy. Moreover, the graphite-like nature of the charge density at the (0001) surface of the 1 Â 1 Â 3 SS transforms it back to the wurtzite charge distribution with the creation of vacancy which has already been discussed. In addition, the (0001) and (000 1) surfaces for the type-B 1 Â 1 Â 2 and 1 Â 1 Â 3 SS show almost similar charge density profile which is a direct consequence of the flattening of the polar surfaces that gives rise to an insulating band structures for these two SS as shown in Fig. 6 . Fig. 6 shows the electronic band structure for the perfect and defective type-B SS where it is clearly observed that the 1 Â 1 Â 2 and 1 Â 1 Â 3 SS are insulating with a band gap of 1.25 eV and 1.15 eV, respectively. These band gaps are larger as compared to our computed band gap (0.75 eV) for bulk ZnO at the gamma point (C) which can be attributed to the quantum size confinement effect. 39 The band structure diagrams for perfect SS show no sign of the Fermi level being shifted into the conduction or valence band for the 1 Â 1 Â 2 and 1 Â 1 Â 3 SS. This is due to the structural transformation of the 1 Â 1 Â 2 and 1 Â 1 Â 3 SS into graphite-like structure that eliminates the macroscopic electric field along the c-axis inside these structures. the valence band to move above the Fermi level. Moreover, a mixing of conduction and valence band states at the C point leading to surface metallization is observable. This surface metallization results from the charge transfer to the Znterminated surface from the O-terminated surface, which leads to strongly dispersing 4s orbitals of the Zn atom on the surface, hence leaving almost no occupancy of the 4s states in the subsurface layers. 19 From the band structures of the defective 1 Â 1 Â N SS, it can be seen that the removal of an O atom below the Zn-terminated surface have different effects on the different sizes of the slabs. It is clearly observable from the figure that the creation of vacancy results in a band structure with no band gap for all the type B 1 Â 1 Â N SS. This could have been possibly a result of the metallic Zn-Zn bond at the surface due to the creation of the O-vacancy which enhances the surface metallization. Table III along with other structural properties of the N Â 1 Â 1 SS. From the decreasing volume collapse and increasing H f values, it is evident that the SS become more and more stable with increasing length along the hexagonal a-axis. The bond lengths listed in Table III together with the charge density centered at the surface Zn atom at the (10 10) and ( 1010) surface as shown in Fig. 7 are helpful in understanding the bonding nature of the surface O atoms. The increasing value of the b:l 1 between the surface O and Zn indicates a tendency of becoming more covalent as the length of the N Â 1 Â 1 SS increases. For example, the charge density contours for the 1 Â 1 Â N SS which encompass both the O and Zn atom in a 8-like shape for the 6 Â 1 Â 1 SS (see Fig. 7 ) appears to split for the 10 Â 1 Â 1 SS. This is a clear indication of reduced charge transfer (reduced Coulomb energy) between the surface Zn-O dimer in larger SS, hence making the bonding nature more covalent in the 10 Â 1 Â 1 SS. This is further confirmed by the charge density contours around the Zn atom in the 10 Â 1 Â 1 SS above the O2 atom, which appear to be slightly more non-spherical as compared to the 8 Â 1 Â 1 and 6 Â 1 Â 1 SS. Furthermore, in the case of 6 Â 1 Â 1 SS, the charge density around the Zn atom above the O2 and O11 atoms at the (10 10) and ( 1010) surfaces, respectively, show similar trends from which we can predict that the DFE for these atoms will be approximately equal. On the other hand, for the 8 Â 1 Â 1 (10 Â 1 Â 1) supercellslab comparison of charge densities around the Zn atom above the O2 and O15 (O19) atoms clearly show different bonding natures. The O2 atoms at the (10 10) surface appears to have stronger covalent bond as compared to the surface O atoms at the ( 1010) surface from which one can infer that the O15 (O19) atoms will have larger DFE.
From Table III , the bond lengths between the O2 and O11, O15 or O19 atom with its neighbouring Zn atoms generally increases on going from 6 Â 1 Â 1 to 10 Â 1 Â 1 SS, Table III which is constituted between the two outermost Zn-O dimers at the (10 10)/ ( 1010) surfaces.
For the unrelaxed N Â 1 Â 1 SS shown in Fig. 2 (and also in our optimized ZnO bulk unit cell), these angles are 108. 243 . Upon geometry optimization, the surface O-Zn-O bond angle tilts by an amount x 1 /x 2 at the (10 10)/( 1010) surfaces resulting in a larger U 1 /U 2 value as compared to the bulk. This tilt angle is a consequence of the outward movement of surface O atom and the relative movements of the internal layers of the atoms below the (10 10)/( 1010) surfaces. Earlier theoretical studies carried out using local density approximation, 40 B3LYP, 30 Perdew-Wang GGA, 31 and all electron Hartree-Fock method 41 predict a tilt angle 3.59 , 2.13 , 9 , and 2.48 , respectively, which are much smaller than the strong tilt angles ($11. 5 6 5 ) observed in lowenergy-electron diffraction (ELEED) experiments for the (10 10) surfaces dimers of wurtzite structures. 42 Our computed tilt angles ranging between 10.2 and 10.6 again provide evidence of the excellent performance of the PBEsol functional for surface studies.
All in all, a close inspection of the bond lengths and the bond angles for the surface O atoms listed in Table III show no particular trends on going from smaller SS to larger ones as was observed in the case of the polar surfaces. Therefore, the trendy competition between the bond energy and the Coulomb energy as seen in Fig. 7 that controls the DFE values of the neutral surface O-vacancy presented in Sec. III D are a complex interplay between the bond lengths and bond angles listed in Table III. D. Neutral O-vacancy at non-polar (10 10)/(
1010) surfaces
The DFE due to a neutral surface O-vacancy at the (10 10) and ( 1010) surface was computed by removing the O atom highlighted by a yellow cross in Fig. 2 . Our computed DFE values for the O-vacancy (Table IV) reduce with increasing length of the SS along the hexagonal a-axis which are in good agreement with earlier works. 39 However, in the case of 8 Â 1 Â 1 and 10 Â 1 Â 1 SS, the DFE values at the ( 1010) surface are slightly higher than the DFE values at the (10 10) surface. This is clearly due to the smaller bond lengths and larger tilt angles (Table III) of the O15 and O19 atoms corresponding to the 8 Â 1 Â 1 and 10 Â 1 Â 1 SS, respectively, as discussed in Sec. III C.
From a comparison between Tables II and IV , it can be observed that the DFE for the 1 Â 1 Â N SS are larger than the N Â 1 Â 1 SS which was due to the extra energy originating from the macroscopic electric field along the [0001] direction as the centers of the positive and negative charges do not coincide at the surface for the 1 Â 1 Â N SS. The presence of this electrostatic field in the perfect type-B 1 Â 1 Â N SS results in scaling the DFE to higher values as compared to the N Â 1 Â 1 SS. However, from the charge density plots (Figs. 5 and 7) , we can easily deduce that the decreasing value of DFE on going from smaller supercells to larger ones is controlled by the decreasing Coulomb energy.
The charge density plots with the creation of the O-vacancy at the (10 10) and ( 1010) surface of the 6 Â 1 Â 1, 8 Â 1 Â 1, and 10 Â 1 Â 1 SS clearly shows a charge delocalization on the surfaces which is a characteristic of surface O-vacancy. For further information about the charge density plots and the corresponding electronic band structures of the surface O-vacancy for the N Â 1 Â 1 SS at the ( 1010) surface, please refer to Figs. S4 and S5 in the supplementary information/material. 44 The O-vacancy DFE values obtained using the SS model in this work is in good agreement with the more complicated structure of similar cross-sectional width at 16.4 Å , 39 which validates the suitability of the SS (considered in this work) that require a fraction of the extensive computational time required for the more complicated structure.
Finally we discuss the effects of surface O-vacancy on the electronic band structures of the N Â 1 Â 1 SS which are shown in Fig. 8 . The C symmetry point direct band gap of 6 Â 1 Â 1, 8 Â 1 Â 1, and 10 Â 1 Â 1 SS are 0.78 eV, 0.71 and 0.68 eV, respectively. Thus, all the perfect SS show insulating nature and the band gap increase with decreasing length of the structure in the hexagonal a-axis which is due to the quantum confinement effect. The conduction band is predominantly made up of the empty Zn 4s-orbitals, 19 while the valence band is made up of the occupied O 2p-orbitals 43 and the band gap is created due to the repulsion between the conduction band states and the valence band states. For the entire perfect N Â 1 Â 1 SS, the Fermi level is located inside the valence band which is due to the fact that both surfaces of the relaxed N Â 1 Â 1 SS are made up of the O atoms that results in the shifting of the O 2p-states above the Fermi level and therefore giving these materials (without any O-vacancy) a p-type semiconducting character.
A band gap for all the horizontal N Â 1 Â 1 SS also shows that there is no charge transfer between the (10 10) and ( 1010) surfaces as compared to the polar 1 Â 1 Â N type-B SS, which is primarily due to the equal number of similar atoms on both the non-polar (10 10 
IV. CONCLUSION
In this study, the polar (0001) and non-polar (10 10) surfaces of ZnO have been modelled as supercell-slabs to investigate the effects of O-vacancy at these surfaces. For the two perfect polar (0001) SSs, type-A and -B 1 Â 1 Â N SS with a non-basal and basal plane termination, respectively, a wurtzite to graphite-like phase transformation is observed only for the more stable type-B SS. Our results show a clear evidence that the competition between the bonding nature, the Coulomb energy, energy originating from the macroscopic electric field of the dipole and the larger surface to volume ratio for the type-B 1 Â 1 Â 2 and 1 Â 1 Â 3 SS triggers a structural phase transformation from the wurtzite structure to graphite-like structure below a certain threshold length (<16 Å which is longer and shorter than the length of the type-B 1 Â 1 Â 3 SS and 1 Â 1 Â 4 SS, respectively). This phase transformation results in an insulating band structure profile at the C point for the smaller 1 Â 1 Â N type-B SS. However, the creation of surface O-vacancy results in the removal of the stronger Coulomb's attraction at the surface and thus eliminates the graphite-like structure for defective type-B SS even when they are smaller than 16 Å .
In the case of perfect type-B 1 Â 1 Â 4, 1 Â 1 Â 5 SS and all defective type B 1 Â 1 Â N SS, a mixing of conduction and valence band states at the C point leads to surface metallization which is caused by the charge transfer to the Zn-terminated surface from the O-terminated surface. Importantly, a good correlation is observed in the type-B SS between the longer bond lengths which is associated with a smaller/larger Coulomb/bond energy that yields smaller values of the defect formation energy for the larger structures. The higher values of DFE at the polar (0001) surfaces as compared to the non-polar surface are a consequence of the extra energy originating from the macroscopic electric field along the [0001] direction in the polar SS.
On the contrary, for the non-polar (10 10) and ( 1010) surfaces, the computed DFE values for O-vacancy of the N Â 1 Â 1 SS reduce with increasing length of the SS along the hexagonal a-axis and appears to be dependent on the ionic and covalent nature of the surface Zn-O bonds. However, the bond lengths and the bond angles for the surface O atoms show no particular trends on going from the smaller SS to larger ones. Therefore, the competition between the bond energy and the Coulomb energy that controls the DFE values of the neutral surface O-vacancy are a complex interplay of the Zn-O bond lengths and the O-Zn-O bond angles. Importantly, the O-vacancy DFE values, the tilt angle, and the interlayer spacing obtained using the SS model and the PBEsol functional in this work are in good agreement with the computationally more demanding calculations reported in earlier studies. Importantly, our findings open up the possibility of tuning the structural and electronic properties of ZnO polar and non-polar surfaces by controlling their size which is essential for technological application.
